Abstract: The aim of this study was to determine the effect of exogenously applied Si on the growth and physiological parameters of sorghum [Sorghum bicolor (L.) Moench] cultivated in hydroponics with elevated zinc concentrations (75 µM and 150 µM Zn). Increased concentrations of Zn inhibited root growth and biomass production of roots and shoots. Application of Si individually showed a positive effect on root growth but negatively affected production of fresh and dry biomass of roots and shoots. On the other hand, silicon in combination with Zn significantly reduced the inhibitory effect of Zn on root growth but did not positively affect biomass production of roots and shoots. Accumulation of Zn in plant tissues increased with increasing Zn concentration in nutrient solution, but application of Si in combination with Zn did not significantly influence Zn accumulation in roots. Completely opposite results were found in Si accumulation in roots treated with Si in combination with Zn. Interaction of these ions resulted in considerable increase of Si accumulation in roots which almost doubled in comparison to individal Si treatment. Impact of Zn on the activity of some antioxidant enzymes was equivocal and differences were observed also between two Zn concentrations. Individual application of Si resulted in significant increase in the activity of all studied antioxidant enzymes but Si in combination with Zn mostly negatively affected their activity except the activity of catalase (CAT) which was the highest in roots grown in solution containing both Si and Zn ions. Comparing all obtained data we can assume that Si applied in combination with Zn did not significantly alleviate Zn toxicity in young sorghum except the growth of primary seminal root and further experiments are required for better understanding of their interaction.
Introduction
Silicon (Si) is the second most abundant element in the Earth's crust and in soil. Most of Si is present in the form of insoluble oxides or silicates, although soluble silicic acid occurs in the range of 0.1-0.6 mM. Silicon is also one of the most abundant mineral elements in plant tissues, with the mean value representing 0.1% in dry matter, but in some species Si level can reach 10% dry weight (Epstein 1999) . Although Si has not been considered as an essential element for higher plants, it has been proved to be beneficial for optimal growth and development of many plant species, especially in stressful conditions induced by biotic or abiotoc stress factors (Ma 2004; Liang et al. 2007 ). For example, Si plays an important role in increasing the resistance of plants to pathogenic fungi (Fauteux et al. 2005; Resende et al. 2009 ). Silicon also mitigates cadmium inhibitory effects in rice and maize plants (Nwugo & Huerta 2008; Vaculík et al. 2009 ). This positive influence also has been recorded in the case of other metals and plant species, e.g. silicon ameliorates inhibitory effect of aluminium on root growth of sorghum (Hodson & Sangster 1993) and toxicity of zinc in rice (Song et al. 2011) . Silicon application may be useful to improve the drought tolerance of sorghum via enhancement of water uptake ability (Hattori et al. 2005; Ahmed et al. 2011; Sonobe et al. 2011) . Alleviated drought stress by Si was observed in rice seedlings, mainly by improving water use efficiency, photosynthesis, and photochemical efficiency, and by adjustment of mineral nutrient level (Chen et al. 2011) . Increased root endodermal silicification is a characteristic feature accompanying drought resistance in plants. This phenomenon was originally shown in rice (Lux et al. 1999) , sorghum silicification was higher in a drought tolerant cultivar compared with drought sensitive cultivar (Lux et al. 2002) . Silicon also alleviates salt toxicity and improves the growth of cucumber plants under salt stress (Zhu et al. 2004 ). These beneficial effects are mostly connected with increased Si deposition in the leaves, stems, and hulls, although other physiological mechanisms have also been proposed (Ma 2004) . Accumulation of Si in the shoots varies considerably among plant species. Among higher plants, only species from Gramineae and Cyperaceae show high Si accumulation. Plants in Cucurbitales, Urticales, and Commelinaceae show intermediate Si accumulation, whereas most other plant species show low Si accumulation. The difference in Si accumulation has been attributed to the ability of the roots to take up Si (Takahashi et al. 1990; Ma & Takahashi 2002) . Transporters involved in the uptake and distribution of Si have been identified in rice, maize and barley (Ma et al. 2007; Mitani et al. 2009 ).
Zinc (Zn) is an essential micronutrient and has important physiological functions in all living systems, such as the maintenance of structural and functional integrity of biological membranes and facilitation of protein synthesis and gene expression. Among all metals, Zn is needed by the largest number of proteins. Zincbinding proteins make up nearly 10% of the proteome in eukaryotic cells, and 36% of the eukaryotic Zn-proteins are involved in gene expression (Andreini et al. 2006) . Zinc is essential trace element required for a healthy human diet. According to White and Broadley (2005) zinc represents one target of ambitions to increase mineral concentrations in edible crops via biofortification. Zinc deficiency affects many crops particularly in high-pH soils and symptoms vary from reduction of protein and starch synthesis to appearance of severe developmental affections (Broadley et al. 2007 ). Zinc, in common with the other plant micronutrients, can limit growth when it is present both in low concentrations and also in excessive concentrations, due to deficiency and toxicity, respectively. Although excess zinc can be toxic to plants, just as in the case of zinc deficiency, plants vary widely in their tolerance to zinc toxicity (Alloway 2008) . Zinc toxicity in crops is far less widespread than Zn deficiency (Broadley et al. 2007 ). Toxicity symptoms usually become visible at [Zn] leaf > 300 mg Zn kg −1 leaf DW, although some crops show toxicity symptoms at [Zn] leaf < 100 mg Zn kg −1 DW (Chaney 1993; Marschner 1995) . However, Zn toxicity occurs in soils contaminated by mining and smelting activities, in agricultural soils treated with sewage sludge, and in urban and peri-urban soils enriched by anthropogenic inputs of Zn, especially in low-pH soils (Chaney 1993) . Silicon was recorded as an effective element for alleviation of Zn toxicity in some plant species (Cunha & Nascimento 2009; Kaya et al. 2009; Song et al. 2011) .
Sorghum (Sorghum bicolor (L.) Moench) is the world's fifth most important cereal, in terms of both production and area planted. Roughly 90% of the world's sorghum area lie in the developing countries, mainly in Africa and Asia. This crop is primarily grown in poor areas subjected to low rainfall and drought where other grains are unsuitable for the production unless irrigation is available (Léder 2004) . Sorghum bicolor is an important Si accumulator with unique deposition of Si in endodermal tissues (Lux et al. 2002) . Zinc toxicity in sorghum was not investigated up to now. Therefore, the objective of this study was to investigate the effect of silicon application on sorghum under elevated zinc concentration (75 µM and 150 µM of ZnSO 4 ·7H 2 O). The growth parameters of root and shoot as well as the accumulation of Zn and Si in biomass and the activity of some antioxidant enzymes in roots were investigated.
Material and methods

Plant material and hydroponic cultivation
Seeds of drought tolerant sorghum cultivar (Sorghum bicolor cv. Gadambalia, Sudan) were obtained from Arid Land Research Center (ALRC), Tottori University (Japan). Seeds were superficially sterilized by 5% commercial bleach solution for 10 min and rinsed with water. Thereafter they were imbibed in water for 2 h at room temperature and germinated in rolls of wet filter paper for 3 days at 25
• C in dark. Seedlings were cultivated in hydroponics for 20 days in plastic vessels containing Hoagland's nutrient solution with pH adjusted to 6.2 in controlled environment chamber [temperature 28/24 (day/night); photoperiod 16/8h (light/dark), 200 µmol m −2 s −1 light intensity and 75% relative humidity]. Cultivation solution was aerated and changed two times per week for fresh one. Zinc was applied in the form of ZnSO4·7H2O (75 µM and 150 µM concentrations) and Si in the form of sodium silicate solution (Sigma, 27% SiO2 dissolved in 14% NaOH) at 5 mM concentration. The applied concentrations of Zn were chosen on the base of our preliminary experiments focused on evaluation of sorghum sensitivity to high level of this metal. Six different treatments were tested (C -control; Si -5 mM Si; Zn75 -Zn 75 µM; Zn75+Si -Zn 75µM + 5 mM Si; Zn150 -Zn 150 µM; Zn150+Si -Zn150 µM + 5mM Si).
Measurement of the growth parameters
After 20 days of cultivation plants were harvested and divided into above-and below-ground parts. Length of primary seminal roots and fresh weight of roots and shoots were determined. Plant material was dried at 70
• C for 5 days and the dry weight of above-and below-ground parts was determined.
Determination of antioxidant enzymes activity in roots
Root system was homogenized in sodium phosphate buffer (pH 7.8) containing 1 mM EDTA and Complete protease inhibitor cocktail tablets (Roche Applied Science, one tablet for 50 ml). The homogenate was centrifuged at 7,000 g for 5 min and then at 15,500 g for 15 min at 4
• C. Supernatant was used for enzyme activity and soluble protein concentration assays. The protein contents in extracts were determined by the method of Bradford (1976) .
Superoxide dismutase (SOD) activity was assayed using the procedure as described by Madamanchi et al. (1994) . One unit SOD activity was defined as the amount of enzyme required to result in a 50% inhibition of the rate of NBT (nitro blue tetrazolium chloride) reduction measured at 560 nm. The specific enzyme activity was expressed as the enzyme unit per mg of soluble protein (U mg −1 SP). Guaiacol peroxidase (GPX) activity was measured spectrophotometrically based on the oxidation of guaiacol in the presence of H2O2 at 440 nm according to the method of Frič & Fuchs (1970) . Specific GPX activity were expressed as enzymatic activity unit min −1 mg −1 protein. Values are means ± SD (n = 3). Different letters in column indicate significant differences between the treatments at 0.05 level.
Catalase activity (CAT) was assayed by monitoring the decrease in absorbance at 240 nm as a consequence of H2O2 consumption (Hodges et al. 1997) . Specific CAT activity was calculated according Claiborne (1985) and expressed to 1 mg soluble proteins.
Determination of Zn and Si contents
The dried plant material was ground to powder using a pestle and mortar. Digestions of plants were carried out in the stainless steel coated PTFE pressure vessels ZA-1 (Czech Republic). Plant sample was weighted (0.1-0.5 g) to the vessel and 5.0 mL of concentrated HNO3 (Zn detection) or 5.0 mL of concentrated HNO3, 0.25 mL of concentrated HF and 2.0 mL of 30% H2O2 (Si detection) were added. Vessels were closed and heated in the electric oven at 160
• C for 6 hours. After digestion the solution was diluted (for Si detection 2.0 mL of saturated solution of H3BO3 was added) to 25 mL with redistilled water and stored in a 100 mL polyethylene (PE) bottle. Zinc contents were determined by flame atomic absorption spectrometry (AAS Perkin Elmer Model 4100, wavelength 213.9 nm, deuterium background correction, flame: acetylene-air). Silicon contents were determined by flame atomic absorption spectrometry (AAS Perkin Elmer Model 5000, wavelength 251.6 nm, flame: acetylene-N2O).
Statistical analyses
The presented data are from three independent experiments; in each experiment 15 plants were analyzed. Statistical analysis of data was perfomed by using STATGRAPHICS Centurion XV version 15.2.05 software. Least significant difference (LSD) test at 5% level of significance was used for results comparison.
Results
Growth parameters
Sorghum plants treated with Zn showed visible symptoms of Zn phytotoxicity. Root and shoot growth was strongly inhibited and leaf blades were chlorotic, often with purple-red pigmentation on older leaves of Zn treated plants.
Lower concentration of Zn (75 µM) had only slight but not significant impact on growth of primary seminal root of sorghum (Table 1) . Increased concentration of Zn (150 µM) induced almost 20% reduction of root growth in comparison with the control roots. Individually applied Si significantly increased the length of primary seminal roots, and similar positive effect was observed in roots treated with solution containing both Si and Zn ions. Silicon presence in combination with Zn significantly reduced Zn-induced root growth inhibition. Roots were 9.5% (Zn75+Si) and 14.4% (Zn150+Si) longer in comparison with only Zn treated roots.
Zinc considerably reduced biomass of below-ground parts (Table 1) . Fresh weight (FW) and dry weight (DW) of roots significantly decreased in both Zn treatments. This effect was evidently stronger in roots treated with higher Zn concentration (150 µM Zn) in which FW and DW of roots represented only one third of control plants weight. Silicon treatment decreased root FW and DW when compared with control roots. Similarly, no significant positive effect of Si was determined when Si was applied to plants grown in lower or higher Zn concentration. The FW and DW of shoots decreased approximately to 35% (Zn75) and 25% (Zn150) of the control shoots weight. Silicon, either individually or in combination with Zn did not show positive effect on biomass production.
Enzymatic activity in roots
Enzymatic activity of GPX increased in roots exposed to individual Si treatment or higher (150 µm) Zn concentration (Fig. 1) . In roots treated with Zn150+Si significantly lower activity of GPX was determined in comparison with Zn150 treated roots.
Zinc, Si and especially treatments with their com- bination induced increase of CAT activity in roots (Fig. 2) . The highest activity of this enzyme was determined in roots from Zn75+Si and Zn150+Si treatments. Activity of CAT in Zn75+Si was 4.5 fold and in Zn150+Si 3 fold higher in comparison with Zn75 or Zn150 treatment respectively. Application of Zn, Si and their combination considerably increased enzymatic activity of SOD in roots of sorghum (Fig. 3) . The highest value of SOD activity was determined in roots treated with 150 µM of Zn and was approximately two times higher than in control roots. Similar increase was found in roots treated with Si. The activity of SOD was about 20% higher in Zn75+Si treatment than in Zn75 treatment, but in Zn150+Si treatment the activity of SOD was about 30% lower than in Zn150.
Content of Si and Zn in plants
Dry biomass of above-ground parts of sorghum plants from all treatments contained considerably lower concentrations of Zn in comparison with below-ground parts (Fig. 4) . Concentration of Zn in plant tissues increased with increasing Zn concentration in the nutrient solution and the highest accumulation of Zn was deter- Application of Si increased Si concentration in dry below-and above-ground biomass of sorghum. Surprisingly, the highest concentration of Si was determined in roots of Zn150+Si treatment (Fig. 5) . Zn150+Si treatment doubled Si concentration in roots in comparison with individual Si treatment without Zn. The interaction between Zn and Si was less prominent in lower Zn treated plants. Analogous, but less evident effect of Zn on Si concentration was determined in shoots.
Discussion
Zinc toxicity is a well known fact described for various plant species exposed to elevated Zn concentration (Marschner 1995; Broadley et al. 2007 ). Our results confirmed this negative effect of Zn excess on the growth of primary seminal roots of sorghum (Table 1) .
Both Zn treatments considerably reduced fresh and dry biomass of below-and above-ground plant parts. Increased length of primary seminal root was determined in all treatments supplied with Si. Despite this fact, no positive effect of Si was shown on biomass production of roots and shoots. Bonfranceschi et al. (2009) studied the effect of heavy metals (Cd, Cr, Ni) in various concentrations on the development of above-ground parts of sorghum and the greatest negative influence on biomass production was noted in plants treated with Cd and Cr. Their study also revealed high reduction of root biomass after Cr application and on the other hand, the presence of Ni (70 mg L −1 ) stimulated the growth of root. Significant inhibitory effects of high Zn treatment on plant growth were also observed in Zn-sensitive and Zn-resistant cultivars of rice (Song et al. 2011) . Total root length, total root surface area, shoot and root dry weight and total root tip number of both rice cultivars were decreased significantly in plants treated with 2 mM Zn, whereas root parameters were significantly increased when Zn-stressed plants were supplied with Si (Song et al. 2011) . Mitigation effect of Si was determined in maize plants grown at 0.2 mM Zn concentration in nutrient solution (Kaya et al. 2009 ). Consistent data are known for Cd+Si treated rice (Nwugo & Huerta 2008) . Similarly, Si improved the growth of maize exposed to Cd (Vaculík et al. 2009 ). Screening of thirty Zea mays (L.) hybrids, cultivated in central Europe, showed differences in the sensitivity, accumulation capability and translocation of Cd. Five of these hybrids were later grown in the presence of high Cd together with Si, and root growth promoting effect of Si was achieved only in one hybrid Reduta (Lukačová-Kuliková & Lux 2010). Silicon can also ameliorate the toxic effect of Al and Mn in various plants (e.g. Cocker et al. 1998; Shi et al. 2005) .
Zinc concentration in both shoots and roots of sorghum increased in response to an altered Zn supply in the nutrient solution. Dry biomass of aboveground parts contained markedly lower concentrations of Zn in comparison with below-ground parts and in Zn treated plants the ratio of Zn concentration in shoot/root was approximately 1:10. Similar pattern of metal distribution was obtained in Cd treated maize (Lukačová-Kuliková & Lux 2010). Bonfranceschi et al. (2009) also confimed greater concentrations of heavy metals in sorghum roots than in the shoots. The highest concentration of Zn in our experiments was determined in roots of Zn150 and Zn150+Si treated plants and achieved 18,000 mg kg −1 . This represents more than double amount of Zn determined in roots of rice plants supplied with 2 mM Zn (Song et al. 2011) . Silicon treatment did not significantly influence Zn accumulation in sorghum roots and shoots. It was reported that the maize plants treated with Si presented not only biomass increase, but also higher metal (Cd, Zn) accumulation (Cunha & Nascimento 2009 ). Silicon supply significantly decreased Zn concentration in shoots of rice cultivars, indicating lower root to shoot translocation of Zn. On the contrary, addition of Si considerably increased root Zn concentrations in both cultivars at different degrees, especially in the cultivar resistant to high Zn (Song et al. 2011) . Influence of Si on Cd concentration in maize has been observed by Vaculík et al. (2009) . Cadmium concentration in below-and aboveground plant parts and the total amount of Cd per plant were significantly higher in the Cd+Si plants than in the Cd treatment. An inverse relationship between Si treatment and tissue-Cd content was presented in rice plants. Nwugo & Huerta (2008) observed that addition of 0.2 or 0.6 mM Si to Cd treated plants reduced rootCd content by about 28% or 45%, respectively and also reduced leaf-Cd content by about 41% or 60%, respectively.
In our experiments, concentration of Si in dry biomass of roots was low and similar in plants treated without additional Si (C, Zn75 and Zn150). In shoots, there were also no significant differences between these treatments. Additional Si resulted in markedly increased Si concentration in both roots and shoots of sorghum. High concentration of Si in biomass of Si treated plants is typical for species of Poales (Hodson et al. 2005) . A strong interaction between Zn and Si concentration in roots was found in both Zn treatments, especially in the higher Zn treatment (Zn150+Si), which resulted in more than double Si concentration in roots in comparison with Si treatment without Zn. Opposite effect on Si accumulation noted Lukačová- Kuliková & Lux (2010) in maize treated with Cd. Silicon concentration in Si+Cd treatment was decreased in the roots and shoots in comparison with Si treated plants; the decrease was more intensive in the shoots than in the roots. Similar effect of high metal treatment on Si concentration in rice plants was observed by Song et al. (2011) . Concentration of Si in roots and especially in shoots of two rice cultivars grown in the presence of Si was lower in high Zn treatments compared with the lower Zn treatments. The enhanced accumulation of Si in roots, which was determined in our experiment after Zn150+Si treatment may be connected with specific high level of sorghum root silification.
The elevated production of reactive oxygen species (ROS) induced by adverse environmental stresses has been considered to be one of the major factors causing damage of plant cells (Weckx & Clijsters 1997) . Zinc stress results in the production of superoxide radical, hydrogen peroxide, singlet oxygen and hydroxyl radicals, which affect various cellular processes mostly the functioning of membrane systems (Weckx & Clijsters 1997) . Maintaining high activities of antioxidant enzymes (e.g. superoxide dismutase, catalase and peroxidase) and high contents of the non-enzymatic constituents which act as free radical scavengers (e.g. ascorbate, glutathione and phenolic compounds), is very important for plants to survive under stressful conditions, including heavy metals stress (Foyer et al. 1994) . Activities of some ROS-scavenging enzymes are enhanced also in drought stressed plants (Kolarovič et al. 2009 ). Application of higher Zn (150 µM) in our experiments increased the activity of three studied antioxidant en-zymes (GPX, CAT and SOD) in roots of sorghum plants. This indicates an activation of mechanism involved in detoxification of ROS produced in stress conditions. Identical effect was observed in Si treated roots without Zn addition which corresponds with the findings of Song et al. (2011) described on rice. Differences in enzyme activities were determined in Zn+Si treatments. SOD constitutes the first line of defense against ROS, which is crucial for the removal of superoxide (Takahashi & Asada 1983) . In the present study, a significant enhancement in SOD activity was observed in sorghum plants when exposed to excess Zn and Si alone. Similar results have been observed in cucumber (Zhu et al. 2004; Shi et al. 2005) . Activity of SOD in Zn75+Si treatment was about 20% higher than in Zn75, but in Zn150+Si treatment we determined 30% lower value than in Zn150. The decomposition of superoxide is always accompanied by production of H 2 O 2 , which is toxic and rapidly diffuses across the membrane. Hydrogen peroxide can be scavenged in the cell either by CAT, GPX or APX. Catalase is a generally present oxidoreductase that decomposes H 2 O 2 to water and molecular oxygen and it is one of the key enzymes involved in the removal of toxic peroxides (Foyer et al. 1994) . In our study CAT activity was increased in all Si, Zn and Zn+Si treatments. In roots of Zn75+Si and Zn150+Si the activity of CAT increased several times when compared with roots treated only with Zn. In the case of Zn150+Si, the GPX activity was lower in comparison with Zn150 treatment. This corresponds with significantly increased guaiacol peroxidase (GPX) activity in the leaves of cucumber under Mn stress (Shi et al. 2005) . Silicon supply slightly increased GPX activity at normal Mn, but significantly decreased its activity at excess Mn (Shi et al. 2005) . Analysis of the individual root segments of barley revealed that all of the analyzed metals (Cd, Cu, Hg, Ni, Pb) caused an increase of GPX activity, however to a different extent and spatial distribution (Halušková et al. 2010 ). In the study published by Song et al. (2011) , activities of antioxidant enzymes (SOD, CAT and APX) were increased in Si supplied plants of both Zn-sensitive and Zn-resistant rice cultivars exposed to 2 mM of Zn, which confirms alleviative effects of Si in rice. Our results does not correspond with the statement of Song et al. (2011) because the activity of GPX and SOD in sorghum roots exposed to Zn150+Si treatment was significantly decreased in comparison with roots treated with Zn 150 alone.
In summary, we may conclude that elevated concentrations of Zn inhibited biomass production of sorghum roots and shoots. Although Si had a positive effect on the growth of primary sorghum roots treated with Zn, the total below-and above-ground biomass production was not positively influenced. Comparing all obtained data we can assume that there is no significant alleviating effect of applied concentration of Si on young sorghum plants exposed to elevated level of Zn, when cultivated in hydroponics. The interaction of Zn and Si and especially elevated Si accumulation in Zn 150 treated plants requires further investigation.
